Fetal growth depends on the ability of the placenta to supply nutrients adequate to meet fetal demand, which increases as gestation progresses. Placental growth, especially in early gestation, is a prerequisite of a high-capacity transport interface. The outermost syncytiotrophoblast layer of the placenta has a high turnover, with terminally differentiated and apoptotic elements shedding continuously into maternal circulation. Underlying cytotrophoblast progenitor cells divide, differentiate, and fuse with the syncytium, so their proliferation is of obvious importance for placental growth, especially during the first trimester, although turnover slows as pregnancy progresses (1) . Altered rates of cytotrophoblast proliferation are associated with different pathologies; levels are enhanced with increased fetal growth (macrosomia) and diminished in fetal growth restriction (2) . Factors in maternal circulation, such as the insulin-like growth factors (IGFs) 2 and transforming growth factor ␤ (TGF␤), coordinately stimulate proliferation, differentiation, and survival (3, 4) through the activation of multiple kinases (3) (4) (5) and phosphatases (5) .
Gene expression can be regulated by short (18 -22-nucleotide) non-coding RNAs, microRNAs (miRs), derived from long primary transcripts (pre-miRs) through sequential processing by two enzymes, Drosha and Dicer, and then incorporated into the RNA silencing complex, where they target homologous mRNAs. In mice, loss or inactivation of Dicer leads to multiple developmental defects (6, 7) , and we have demonstrated that in human placenta, cytotrophoblast proliferation is increased following Dicer knockdown (8) ; however, the individual miRs responsible for these effects are unknown. Here we profiled placentas with different rates of trophoblast proliferation (early versus late pregnancy) to uncover differentially expressed miRs. In silico network analysis identified miRs that influence the expression of components of nodal signaling pathways, and functional studies revealed a role for three of these miRs in regulating placental growth.
EXPERIMENTAL PROCEDURES

Tissue Culture
All tissue was collected following maternal informed consent with approval from our Local Research Ethics Committee. Late first trimester (8 -12-week) placentas were obtained at elective surgical or elective medical termination and dissected under sterile conditions into 5-mm 3 fragments. Three pieces, selected at random, were transferred into a 1:1 mixture of Dulbecco's modified Eagle's medium (DMEM) and Ham's F-12 containing 100 units/ml penicillin, 100 g/ml streptomycin, and 2 mM L-glutamine and further dissected into 5-mm 3 explants for immediate use in all experimental procedures described below.
Term (37-42-week) placentas were collected from elective Caesarean sections within 30 min of delivery. Three areas of each placenta were sampled using a transparent sheet bearing a systematic array of biopsy windows, and then chorionic, nonanchoring villi were dissected from these areas and carefully rinsed in sterile PBS for use in experiments to profile miR expression.
MicroRNA Array Profiling
Total RNA was isolated from first trimester or term tissue using a mirVANA miR isolation kit (Ambion). Quality was verified by an Agilent 2100 Bioanalyzer profile. Aliquots of RNA from all first trimester and term samples were pooled to generate a common reference sample used to normalize data across all arrays in the study. 800 ng of total RNA from individual and reference samples was labeled with Hy3 TM and Hy5 TM fluorescent label, respectively, using the miRCURY TM LNA Array power labeling kit (Exiqon) following the procedure described by the manufacturer. The Hy3 TM -labeled samples and a Hy5 TM -labeled reference RNA sample were mixed pairwise and hybridized to the miRCURY TM LNA array version 11.0 (Exiqon), which contains capture probes targeting all human miRs registered in the miRBASE version 13.0 at the Sanger Institute (9) . The hybridization was performed according to the miRCURY TM LNA array manual using a Tecan HS4800 hybridization station. After hybridization, the microarray slides were scanned and stored at ozone Ͻ2.0 ppb to prevent bleaching of the fluorescent dyes. The microarray slides were scanned (Agilent G2565BA Microarray Scanner System, Agilent Technologies, Inc.), and image analysis was carried out using ImaGene version 8.0 software (BioDiscovery, Inc.). The quantified signals were background-corrected (Normexp with offset value of 10 (10)) and normalized using the global Lowess (locally weighted scatterplot smoothing) regression algorithm. The data were exported to Microsoft Excel worksheets, log 2 -transformed, and analyzed for differentially expressed miRs using Significance Analysis of Microarrays (SAM; version 3.01, Stanford University, Stanford, CA) in a two-class unpaired design. From SAM, the -fold change for each miR with the associated q value was determined. Only miRs with a significance of p Ͻ 0.005 between the groups (first trimester and term) were included in the heat map analysis, and these all fulfill the Bonferroni correction (a safeguard against false positives).
Quantitative RT-PCR-based Analysis of miRs
Array data were validated by assessing the expression of individual miRs using the miRCURY TM LNA Universal RT microRNA PCR system (Exiqon) following the manufacturer's instructions. Briefly, 25 ng of RNA was reverse-transcribed using Universal cDNA Synthesis kit (Exiqon) which allows polyadenylation and reverse transcription of all miRs within the sample into cDNA in a single reaction step. Individual miRs were then detected using LNA-enhanced miR-specific primer sets (Exiqon; Table 1 ). The relative amount of miR was normalized to 5 S rRNA, and -fold changes in miR expression from control (mean of all ⌬Ct values) were calculated as 2 (Ϫ⌬⌬Ct) , where ⌬⌬Ct ϭ ⌬Ct control Ϫ ⌬Ct treated sample and ⌬Ct ϭ Ct miR Ϫ Ct 5 S rRNA . PCRs were performed in duplicate using a Stratagene MX3000P real-time PCR machine. Data from first trimester and term placentas were compared using the MannWhitney U test.
Computational Analysis of miR Biological Functions and Gene Networks
A data set containing miR expression profiles of first trimester and term placental samples (generated by miR array analysis) was uploaded into Ingenuity Pathway Analysis (IPA; Ingenuity Systems).
Functional Analysis-The functional analysis tool identified the most relevant biological functions and the right-tailed Fisher's exact test was used to calculate the probability that each of the biological functions assigned to the data set is due to chance alone. Data were expressed as inverse log (Ϫlog) of the p value. Only biological functions with Ϫlog (p value) Ͼ 1.3 (equivalent to p Ͻ 0.05) were considered for further analysis.
Network Generation-Differentially expressed miRs were overlaid in the Ingenuity Knowledge Base onto a global molecular network to algorithmically generate a defined network (limited to 35 molecules) based on connectivity. Larger, merged networks were then generated using information contained in the Ingenuity Knowledge Base. miRs, target genes, and gene products are represented as nodes, and the biological relationship between two nodes is represented by an edge (line). All edges are supported by at least one reference from the published literature or from canonical information stored in the Ingenuity Knowledge Base. The intensity of the node color indicates the degree of upregulation (red) or down-regulation (green).
Placental Cell Screen
To assess the expression of miRs in different populations of cells within the human placenta, total RNA was extracted from placental tissue homogenates that contain all of the different GGUGCAGUGCUGCAUCUCUGGU cell types present in the human placenta or from a panel of different placental cell lines or primary cells. The following cells were used. BeWo, JAR, and JEG cell lines were cultured as described previously and were used as models for villous trophoblast (11); the Swan-71 cell line was used to represent extravillous trophoblast cells (12) . The primary cells used were cytotrophoblast and stromal cells freshly isolated from human placenta using protocols described previously (13, 14) . Briefly, placental tissue was dissected, weighed, and washed thoroughly in MEM. Approximately 6 g of tissue was transferred to 20 ml of MEM containing 0.125% (v/v) trypsin, 1.3 mM EDTA (Invitrogen), and 0.4 mg/ml DNase I, grade I (Sigma), and incubated for 35 min at 37°C, with occasional resuspension to remove trophoblast cells. Cells were harvested, and the enzymatic treatment was repeated. Remaining tissue pieces were removed by filtration (100 m) and used for subsequent isolation of stromal cells. Trophoblast cells were loaded on a Percoll gradient, and after centrifugation at 1800 ϫ g for 30 min, cytotrophoblast cells were collected from the 30 -45% range. Cells were pelleted, resuspended in serum-free DMEM/F-12, and plated on Matrigel-coated flasks. For stromal cell isolations, tissue free from trophoblast was washed (3 ϫ 5 min) in DMEM containing 2.5 mg/ml collagenase and 2 mg/ml hyaluronidase and incubated at 37°C for 3 h. The suspension was allowed to settle under gravity and centrifuged for 20 min at 700 ϫ g, and the resulting pellet was resuspended in 3 ml of MEM. The cell suspension was then loaded onto 25/60% Percoll and centrifuged for 30 min at 670 ϫ g. The band of stromal cells and aggregates was removed from the Percoll, added to 35 ml of MEM, and centrifuged for 15 min at 100 ϫ g. The pellet was then resuspended in DMEM, and cells were plated onto flasks coated with rat tail collagen (BD Biosciences). RNA was extracted from cells, and levels of miRs were assessed by qPCR as described previously.
Gain of Function Analysis
Overexpression of Pre-miR Mimetics in First Trimester
Tissue-Pre-miR precursors for hsa-miR-377, hsa-let-7a, and hsamiR-145 (Table 2 ) (Ambion) were transfected into placental explants (200 -500 nM) with an Amaxa Nucleofector using basic primary mammalian epithelial cell Nucleofector buffer solution and Program U007 (Amaxa Biosystems) as described previously (15) . Following transfection, first trimester tissue explants were cultured on 1% agarose-coated 24-well tissue culture plates for up to 96 h in 20% O 2 at 37°C. Overexpression of the pre-miRs was confirmed by qPCR using specific primers as described above. The effect of the three pre-miR sequences was compared with that of three controls: untreated tissue (control), tissue exposed to transfection procedure alone (mock), or tissue transfected with Cy TM 3-labeled pre-miR precursor negative control (Pre-C; 200 -500 nM; Ambion), which has no identifiable effects on expression of known mammalian miRs. These Hsa-miR-145 GUCCAGUUUUCCCAGGAAUCCCU Hsa-miR-377 AUCACACAAAGGCAACUUUUGU Hsa-let-7a UGAGGUAGUAGGUUGUAUAGUU FIGURE 1. Differential expression of miRs between first trimester and term human placental tissue. Total RNA was isolated from fresh first trimester (n ϭ 5) and term (n ϭ 5) human placental tissue and applied to a miRCURY TM LNA array (version 11.0 hsa; Exiqon). The heat map diagram shows the result of the two-way hierarchical clustering of miRs and samples. Each row represents a miR, and each column represents a sample. The color scale shown at the bottom illustrates the relative expression level of a miR across all samples; red represents an expression level above the mean, and blue represents expression lower than the mean. The analysis was performed on log 2 (Hy3/Hy5) signal intensity ratios (where Hy3 represents the sample and Hy5 represents the pool control consisting of equal aliquots of RNA from each sample) that passed the filtering criteria on variation across samples; p Ͻ 0.005. miRPlus sequences are licensed (Exiqon) human sequences not yet annotated in miRBase.
controls formed the baselines for the evaluation of the effect of pre-miR precursors on protein expression and cell function.
Analysis of Cell Proliferation-Placental explants transfected with pre-miR mimetics or negative controls were maintained in culture for 48 h. BrdU (100 M) and vehicle or IGF-I (10 nM) were added, and then explants were cultured for a further 24 h. Tissue was fixed and processed for immunohistochemistry, and levels of proliferation were assessed using monoclonal antiKi67 (MIB-1 clone, 1:100; DakoCytomation Ltd., Cambridgeshire, UK) or anti-BrdU (clone BU-33, 1:500; Sigma) FIGURE 2. Validation of miRNA arrays. Total RNA was isolated from fresh first trimester and term human placental tissue, and qPCR analysis was performed, using individual miRNA primer sets for hsa-miR-29a (A), hsa-let-7a (B), hsa-miR-125b (C), hsa-miR-145 (D), hsa-miR-143 (E), hsa-miR-143-3p (F), hsa-miR-377 (G), and hsa-miR-675 (H). Data were normalized to 5 S rRNA expression and are presented as median and range mRNA and were analyzed by the Mann-Whitney U test. Data were considered significant if p Ͻ 0.05. Results shown are representative of at least five independent experiments. OCTOBER 31, 2014 • VOLUME 289 • NUMBER 44
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antibodies followed by biotinylated goat anti-mouse IgG (1:200; DakoCytomation Ltd.) antibody and avidin-peroxidase. Levels of cytotrophoblast proliferation were then determined as described previously (3) and expressed as a percentage of total cytotrophoblast number. Comparisons between groups were made using one-way analysis of variance followed by planned contrasts. Data were considered significant at p Ͻ 0.05.
Immunohistochemistry-Freshly isolated placental tissue or tissue exposed to miR mimetics for up to 48 h was fixed in 4% paraformaldehyde and processed for immunohistochemistry analysis as described previously (15) . Expression of key signaling molecules was examined using rabbit polyclonal ERK1/2 antibody (1:50; Cell Signaling Technologies Inc.) or mouse monoclonal c-MYC (1:100) followed by incubation with biotinylated swine anti-rabbit IgG or rabbit anti-mouse IgG (DakoCytomation, Cambridgeshire, UK). Staining was visualized using the avidin-peroxidase method with hemotoxylin counterstain as described previously (3) .
Western Blotting-To confirm the effect of miR overexpression on protein expression, 48-h post-transfection lysates of placental explants were prepared in radioimmune precipitation assay buffer as described previously (5) . 50 g of protein from each sample was resolved by SDS-PAGE and transferred to nitrocellulose membranes for Western blotting with antiserum specific for ERK1/2 (rabbit polyclonal, 1:500), c-MYC (rabbit polyclonal, 1:500), p38 (rabbit polyclonal, 1:1000), and cyclin D1 (mouse monoclonal, 1:1000), all from Cell Signaling Technologies Inc., or IGF1R (1:1000, rabbit polyclonal; Santa Cruz Biotechnology, Inc. and InsightBio). Immune complexes were visualized by probing with HRP-conjugated anti-rabbit IgG or HRP-conjugated anti-mouse IgG followed by ECL. ImageJ software was used to quantitate bands. Membranes were stripped (0.1 M glycine HCl, pH 2.5) and reprobed with an antibody specific for ␤-actin (1:5000; Sigma clone AC-15) in order to confirm equal protein loading.
mRNA Expression Profiling-Total RNA was isolated from first trimester placental explants exposed to pre-miR-145 (500 nM) for 48 h, and 200 ng of RNA was converted to cDNA using the AffinityScript cDNA synthesis kit (Stratagene), as described above. cDNA from five individual experiments was pooled and then applied to a PI3K-AKT Signaling Pathway RT 2 Profiler PCR array (SABiosciences, Qiagen, UK) and quantified by qPCR using a Stratagene MX3000P real-time PCR machine and Stratagene Brilliant SYBR Green I qPCR Mastermix, with 5-carboxy-x-rhodamine as a passive reference dye. mRNA levels were analyzed using RT 2 Profiler PCR data analysis software (version 3.5; SABiosciences, Qiagen). Data were normalized against a panel of housekeeping genes (Hprt, Hsp90aba, and Gapdh) present within the array plates, and expressed relative to control (negative pre-miR control). Changes were considered significant when they varied by Ն2-fold. Western blotting on individual samples was performed to validate the array and to confirm that changes in mRNA expression were accompanied by a change in protein expression.
Assessment of miR/Target Interaction
pmiRTarget vectors containing sense or mutated MAPK1 and MYC 3Ј-UTR sequences cloned downstream of the firefly luciferase gene and an empty vector control were purchased from OriGene Technologies. Vectors containing 3Ј-UTR constructs for IGF1R were not commercially available and therefore were prepared as follows.
A 42-bp oligonucleotide and a complementary antisense strand were designed using TargetScan to correspond to the highly conserved region of IGF1R 3Ј-UTR to which miR-145 is predicted to bind (3804 -3810 bp, ATTATTATTTGGGGGAA-CTGGAC). Control oligonucleotides containing a mutated miR-145 seed region within the IGF1R 3Ј-UTR (ATTATTATTTGG-GGGAAAAGGA) were included as a control. piRGLO Dual Luciferase miRNA target expression vector was linearized with PmeI and XbaI (Roche Applied Science) restriction enzymes, and oligonucleotides (4 ng) were annealed to the linearized vector (50 ng) using T4 DNA ligase (New England Biolabs). Following ligation, the vector was transformed into XL-10 Gold Ultra competent cells (Agilent Technologies) and then purified using a Qiagen miniprep kit (Thermo Scientific). NotI digestion was performed to confirm that the sequences had been inserted correctly.
To assess interaction between miRs and their candidate target genes, 3Ј-UTR vectors (50 ng) and a pSV-␤-galactosidase control vector (Promega) were transfected into first trimester placental explants alone or in combination with non-targeting or miR-specific mimics (100 nM). Untreated and mock-transfected samples and the empty pmiR-GLO vector were included as controls. 24 h after transfection, tissue was washed twice in PBS and lysed with passive lysis buffer (Promega). Relative amounts of Firefly luciferase were read using the Orion L microplate luminometer (Titertek) using the luciferase reporter assay (Promega) in accordance with the manufacturer's instructions. Levels of ␤-galactosidase were assessed using the mammalian ␤-galactosidase assay kit (Thermo Scientific). Levels of luciferase were normalized to ␤-galactosidase in each sample to control for transfection efficiency.
RESULTS
Differential Expression of miRs in First Trimester and Term
Human Placenta-miRs with the potential for regulating growth were initially identified by array-profiling placentas from early and last pregnancy because the rate of trophoblast proliferation is known to be exponentially higher in first trimester than at term (16, 17) . 58 miRs were differentially expressed FIGURE 3. Functional classifications and network generation of altered miRs and their potential targets. A, the data set containing the altered miRs obtained from miRCURY TM LNA array was uploaded into IPA software, and the altered miRs were classified into significantly enriched biological functions. y axis values represent an IPA network score (equal to the Ϫlog(p value), where a score of 1.3 (the threshold value; red line) is equivalent to p ϭ 0.05) to indicate the probability that the miRs fall within these biological classifications; only cellular functions exceeding the threshold value were included. A right-tailed Fisher's exact test was used to determine the probability that each biological function identified is due to chance alone. B, networks of known (solid lines) and inferred (dashed lines) interacting molecules were created based on data within Ingenuity Knowledge Base. The color intensity of miR expression indicates the degree of up-regulated (red) or down-regulated (green) miRs. This figure depicts a large merged network composed of three individual networks bridged by two key molecules, MAPK1 (ERK2) and MYC (highlighted by blue boxes), that are known regulators of cellular proliferation. Mature miRs selected for further analyses and their precursors are circled in magenta. (Fig. 1) ; of these, 41 were higher at term than in first trimester. Confirmatory qPCR analysis was carried out on eight miRs showing elevated expression in term tissue and one with the opposite pattern of expression (Fig. 2) .
Altered miRs Are Significantly Associated with Mitogenic Signaling Pathways-IPA was used to identify genetic networks involving differentially expressed miRs. Seven individual networks were identified (data not shown), but the majority of miRs within the functional headings of cell-cell signaling and interaction, cellular development, and cellular growth and proliferation (Fig. 3A) fell into three genetic networks, which, in turn, merged into a single larger interacting network (Fig. 3B) . The large network is bridged by nodal molecules, such as mitogen-activated protein kinase (MAPK1/ERK-2), MYC, NFB, and AKT; MAPK1/ERK-2 and MYC (highlighted by blue squares in Fig. 3B ) are recognized components of promitogenic signaling pathways (18 -20) .
Overexpression of miR-377 and let-7a Inhibits Basal Trophoblast Proliferation and Expression of Promitogenic Signaling Molecules in the First
Trimester-Three miRs that were central to the large mitogenic signaling network (miR-377, let-7a, and miR-145) were selected for further analysis as candidate regulators of placental growth. Attempts to localize miRs in first trimester placental tissue using in situ hybridization were unsuccessful due to high levels of background staining in the trophoblast (data not shown). Therefore, to verify that these miRs are expressed in trophoblast, trophoblast cell lines and freshly isolated primary cytotrophoblasts were assessed by qPCR (Fig. 4) . miR-377, let-7a, and miR-145 were detected in primary cytotrophoblast, and consistent with the array data, all three miRs were higher at term than in the first trimester. First trimester placental tissue explants, in which cytotrophoblast proliferation is sustained for Ͼ72 h, as indicated by Ki67 immunopositivity or BrdU incorporation, were then transfected with the three miR precursors (Fig. 5, A-C) to determine whether higher levels (as observed in term placenta) cause a reduction in cytotrophoblast proliferation. Overexpression of either hsamiR-377 (Fig. 5A ) or hsa-let-7a (Fig. 5B) but not miR-145 (Fig.  5C ) significantly attenuated the proportion of Ki67-positive cytotrophoblast (Fig. 5, D and E ; p Ͻ 0.05; n ϭ 6). Similar results were obtained when BrdU incorporation was used as a marker of proliferation ( Fig. 5F ; p Ͻ 0.05; n ϭ 6), suggesting that miR-377 and let-7a are negative regulators of endogenously regulated trophoblast expansion. The transfection procedure alone (Mock) or the presence of a non-targeting miR precursor (Pre C) had no effect on the expression of any of the miRs or on cytotrophoblast proliferation.
We next investigated whether miR-377 and let-7a might regulate trophoblast proliferation via modulation of two nodal promitogenic signaling molecules in the miR interaction network identified by IPA: MAPK1 and MYC (Fig. 5B) . Immunohistochemistry analysis confirmed that both are expressed by first trimester cytotrophoblast (Fig. 6A) . Western blots and immunohistochemistry revealed reduced expression of ERK following transfection of explants with either pre-miR-377 or pre-let-7a (Fig. 6, A-D) and demonstrated that pre-let-7a also reduced MYC expression. Immunohistochemistry analysis suggested that MYC levels in trophoblast were decreased by miR-377; however, levels in stroma were unaffected. Overexpression of miR-145 had no effect on the level of ERK or MYC. 3Ј-UTR luciferase reporter assays confirmed that miR-377 and let-7a, but not miR-145, directly interact with MAPK1 and MYC (Fig. 6E) .
miR-145 Regulates Multiple Components of the IGF Signaling Cascade to Influence IGF-induced Proliferation-Although in
silico analysis placed miR-145 within the growth-regulatory network (Fig. 3) , its overexpression did not influence basal proliferation or ERK or MYC protein expression in first trimester placenta. In other systems, miR-145 controls mitogenesis by modulating the expression of molecules within the IGF signaling pathway (21) . A targeted mRNA array was used to assess the expression of 84 genes within IGF signaling cascades following transfection of first trimester explants with pre-miR-145; the FIGURE 5. miR-377 and let-7a negatively regulate trophoblast proliferation. Pre-miR precursors for miR-377, let-7a, and miR-145 or a pre-miR control (PreC) were transfected into first trimester placental explants (n ϭ 6). The level of miR expression, quantified by qPCR, was significantly increased 24 h posttransfection (A-C). Cytotrophoblast proliferation, determined by counting the number of Ki67-positive cytotrophoblasts (D and E) or BrdU-positive cytotrophoblasts (F) in relation to total cytotrophoblast at 48 h post-transfection was reduced following overexpression of miR-377 and let-7a but not miR-145. D, arrows indicate cytotrophoblasts (CT) and syncytiotrophoblast (ST). One-way analysis of variance with planned contrasts was used to assess differences between sample groups; p Ͻ 0.05 was considered significant. Scale bars, 50 m.
level of mRNA for 29 molecules was altered by at least 2-fold compared with pre-miR control (Table 3) . These data were validated by Western blot analysis of a subset of the potential miR-145 targets, including IGF1R, p38 MAPK, and cyclin D1, which confirmed reduced protein expression (Fig. 7) . 3Ј-UTR luciferase reporter assays demonstrated that miR-145 directly interacts with IGF1R (Fig. 7C) . The known roles of IGF1R and the other miR-145-regulated proteins (3, 5) supported the possibility of functional consequences of miR-145 overexpression. IPA revealed that collectively, the genes altered by miR-145 are within three functional networks: cell survival and differentiation, cell cycle and proliferation, and innate immune signaling FIGURE 6 . miRs alter expression of mitogenic signaling molecules in first trimester human placenta. A-D, after treatment with miR precursors for 48 h, the expression of the nodal signaling molecules, MAPK1/ERK and MYC, were examined by immunohistochemistry (A) and Western blotting (B). Note that ERK1/2 and c-MYC are present in the villous stroma but are most abundant in cytotrophoblast in tissue transfected with the negative control pre-miR (control pre-miR). C and D, densitometry analysis confirmed that ERK1/2 (C) and c-MYC (D) protein expression are significantly reduced following miR-377 and let-7a overexpression (p Ͻ 0.05; n ϭ 4). E, first trimester placental explants were transfected with MAPK1 or MYC sense or mutated (⌬MAPK and ⌬MYC) 3Ј-UTR luciferase reporter constructs or empty vector in the presence of non-targeting (control mimetic) or miR-specific precursors. 24 h later, luciferase activity (normalized to that of ␤-galactosidase) was assessed; overexpression of miR-377 and let-7a resulted in reduced luciferase activity of MAPK (a) or MYC (b) compared with tissue transfected with control mimetic (n ϭ 5), demonstrating that these genes are direct targets of miR-377 and let-7a. All data are representative of at least four independent experiments. Scale bars, 50 m. Error bars, median and range.
(supplemental Figs. 1 and 2 ). In keeping with our prediction from experimental and in silico findings, overexpression of miR-145 in first trimester explants significantly attenuated (p Ͻ 0.05) IGF-induced cytotrophoblast proliferation (Fig. 8) , as measured by Ki67 immunopositivity (Fig. 8A) and BrdU incorporation (Fig. 8B) .
DISCUSSION
Villous cytotrophoblast is a progenitor cell population that produces daughter cells to support the expansion of the syncytium as placental surface area increases as well as the expansion of cytotrophoblast columns, which contain the cells destined to invade maternal decidua (22) . The placenta grows exponentially in the first and early second trimester, but growth has slowed down by term (23) . Abundant expression of Dicer in cytotrophoblast suggests a role for miRs in the regulation of placental growth (9) , and expression profiling in this study and others (16 -20) has shown expression and gestational changes in miR levels that demand functional evaluation. We have previously used Dicer knockdown in explants to show that globally, miRs tend to suppress proliferation in cytotrophoblast (9) . More than two-thirds of the alterations that we detected by array analysis are in the direction of increased expression at term relative to first trimester, consistent with the suppression by miRs of proteins in growth-related signaling networks.
This conclusion is supported by IPA analysis, in which the majority of miRs expressed at high levels in late pregnancy were predicted to inhibit cell growth. The predicted network contained two nodal promitogenic molecules, MAPK/ERK and MYC, both of which were localized in first trimester cytotrophoblast. The role of ERK in regulating trophoblast turnover is well documented in both human and animal systems (3, 4, 24, 25) . A role for MYC in placental development is also emerging. Studies in mice show that the embryonic-lethal phenotype seen in c-MYC-null animals can be largely corrected if the expression of this gene is maintained selectively in trophoblast (26, 27) . In humans, the rapid decline in MYC expression as primary term cytotrophoblast cells exit the cell cycle (28) , together with the observation that JEG-3 choriocarcinoma cells have significantly reduced levels of proliferation in its absence, initially suggested a role in trophoblast regulation (29) . Direct evidence is presented here; overexpression of miR-377 and let-7a reduced expression of both ERK and MYC and attenuated proliferation.
let-7 was among the first miRs to be discovered in Caenorhabditis elegans and is evolutionarily conserved (30) . It is clear from numerous subsequent studies that the let-7 miR family regulates development in many species, including mammals (31) . Consistent with our data, let-7a has a well documented antiproliferative role in both in animal models and in humans (32) (33) (34) involving the targeting of MYC (34 -36) and ERK (37, 38) . In contrast to let-7, studies on the role of miR-377 are limited. miR expression profiling has revealed that placental miR-377 expression is reduced in pre-eclampsia (39, 40) ; however, its targets and functions were not explored. In keeping with our data, miR-377 expression was found to be up-regulated in fibroblast cell lines under growth arrest, and its expression is reported to be negatively correlated with that of promitogenic signaling molecules (41) . Both trophoblast proliferation (1) and ERK expression (42) are altered in placentas from pregnancies complicated by pre-eclampsia; thus, it is tempting to Pre-miR-145 (500 nM) was transfected into first trimester placental explants. 48 h later, total RNA was extracted, and mRNA expression of multiple genes was assessed using PCR pathway arrays. Expression levels were normalized to internal controls and expressed as -fold change compared with negative control pre-miR. -Fold changes Ն2 were considered significant. speculate that altered miR-377 expression influences these events and contributes to the pathogenesis of the disease. Given the importance of miR-377 in regulating placental growth, the expression of miR-377 in other pregnancy pathologies associated with altered placental growth (e.g. fetal growth restriction) should also be explored. In contrast to miR-377 and let-7a, and despite its involvement in regulating c-MYC expression, miR-145 did not alter basal trophoblast proliferation. ERK levels were not affected by miR-145 overexpression. However, in non-small cell lung cancer cells, miR-145 reduced proliferation independently of ERK (37) . An alternative explanation may lie in the fact that in humans, miR-145 is present on chromosome 5q33 ϳ1.3 kb from miR-143, and the two are regulated by a common promoter (43) . Although each of these miRs can act independently to influence cellular events, including proliferation, in some instances, a coordinated, or synergistic, role for the miR-143/ 145 cluster is observed (44 -46) . This is the case in other cells, where miR-143 and miR-145 form an integrated program of gene regulation by acting in synergy to influence the expression FIGURE 7 . miR-145 regulates the expression of multiple components of the IGF axis in first trimester placenta. A and B, first trimester placental explants were transfected with a negative control pre-miR (Pre-C) or pre-miR-145 (500 nM) for 48 h, and then the expression of IGF1R, p38 MAPK, and cyclin D1 was assessed by Western blotting. Blots were stripped and reprobed for ␤-actin (as an internal control). B, densitometry revealed reduced expression of IGF1R, p38 MAPK, and cyclin D1 when miR-145 was overexpressed (p Ͻ 0.05; n ϭ 4). C, first trimester placental explants were transfected with sense or mutated (⌬IGF1R) IGF1R 3Ј-UTR luciferase reporter constructs or empty vector in the presence of control or miR-145-specific mimetics. 24 h later, luciferase activity (normalized to ␤-galactosidase) was assessed; luciferase activity was significantly reduced in tissue with miR-145 overexpression compared with tissue transfected with control mimetic (p Ͻ 0.05; n ϭ 5), demonstrating that IGF1R is a direct target of miR-145 in the placenta. Error bars, median and range.
Gene
of common targets, including members of the MAPK/ERK pathway, while also functioning individually to alter the expression of other independent sets of genes (46) . miR-143 was also altered in our miR array; thus, it is possible that miR-145 and miR-143 work in combination to inhibit basal trophoblast proliferation.
Overexpression of miR-145 alone was, however, sufficient to negatively influence IGF-induced proliferation. Multiple components of the IGF axis, including IGF1R, PDK1, Ras, Raf, and cyclin D1, were simultaneously reduced. Thus, miR-145 may fine tune IGF-induced proliferation by coordinately targeting several components within the cascade. Interestingly, although we have evidence that IGF1R, PDK1, and cyclin D1 regulate IGF-induced trophoblast proliferation (3, 5) , IGF1R-mediated signaling does not appear to influence basal proliferation (3, 47) . This suggests an explanation for the failure of miR-145 to influence basal trophoblast proliferation; instead, the role for miR-145 in the placenta may be to regulate the function of IGF or other growth factors. Our findings are consistent with those of other studies undertaken in hepatic and vascular cells, which demonstrate that whereas the other roles of miR-145 depend on both components of the miR-143/145 cluster, miR-145, independently of miR-143, influences IGF-induced proliferation, modulating IGF1R and IRS-1 expression (21, 48) . It will be interesting to determine, in future studies, the combined role of miR-143/145 in placenta; data from the gene array performed after miR-145 overexpression suggest regulation of cell survival and/or the innate immune response.
In summary, we have used a proliferation-focused, hypothesis-generating approach, together with in silico analysis and molecular techniques, to uncover three miRs expressed by the placenta that lie within a network of mitogenic signaling molecules exerting gestational regulation on growth. Two of these, miR-145 and let-7a, have well documented roles in regulating proliferation in other systems, and we have revealed a novel role for another miR, miR-377. These data validate the approach taken to identify growth-regulatory pathways in the placenta and highlight the potential of this methodology for dissecting the function of placental miRs. Ultimately, we hope to develop miR-based approaches to therapeutic targeting for correcting the abnormal placental growth and cell turnover seen in pregnancy pathologies. 
